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The quality of roasted and ground coffee is an important issue since it has been the target of fraudulent
admixtures with a variety of cheaper materials, including spent coffee grounds, coffee husks and other
roasted grains. Given the successful application of Diffuse Reﬂectance Infrared Fourier Transform Spec-
troscopy (DRIFTS) for discrimination between roasted coffee, corn and coffee husks, the objective of this
work was to conﬁrm the potential of such technique for discrimination between pure roasted coffee and
coffee samples adulterated with coffee husks, corn, barley and spent coffee grounds, regardless of
roasting conditions. Principal Components Analysis (PCA) was employed for selection of target spectra
regions responsible for group discrimination. Classiﬁcation models were developed based on Linear
Discriminant Analysis (LDA) and recognition and prediction abilities of these models were 100%, with the
samples being separated into six groups: pure coffee, adulterated coffee (adulteration levels as low as
1 g/100 g), spent coffee grounds, coffee husks, corn and barley. Such results conﬁrm that DRIFTS can be a
valuable analytical tool for detection of adulteration in ground and roasted coffee.
 2013 Elsevier Ltd. All rights reserved.1. Introduction
Intentional food adulteration can be deﬁned as the unscrupu-
lous act of corrupting a genuine food product for pecuniary proﬁt
by admixtures with cheaper products and materials which are
difﬁcult to detect by the consumers or by simple routine analytical
techniques. High-priced commodities are usually targets for adul-
teration and roasted coffee, a leading commodity in international
markets, is rather vulnerable to it. Ground roasted coffee presents
physical characteristics (particle size, texture and color) that are
easily reproduced by roasting and grinding a variety of biological
materials (cereals, seeds, parchments, etc), thus, it has been the
target of fraudulent admixtures with several materials, including
lower quality coffees (Alves, Casal, Alves, & Oliveira, 2009; Craig,
Franca, & Oliveira, 2012a) and a variety of spurious materials,
such as twigs, coffee berry skin and parchment, spent coffee
grounds, roasted barley, corn and other cheaper grains (Oliveira,ce Fourier transform infrared
reﬂectance infrared Fourier
cine sulfate doped with L-
rier transform infrared spec-
ttern recognition.
: þ55 31 34433783.
ca@gmail.com (A.S. Franca).
All rights reserved.Oliveira, Franca, & Augusti, 2009; Reis, Franca, & Oliveira, 2013). A
few recent studies have established suitable parameters and
markers for detection of coffee husks and roasted starchy grains in
ground roasted coffee and instant or soluble coffee Garcia et al.,
2009; Nogueira & Lago, 2009; Oliveira et al., 2009; Pauli,
Cristiano, & Nixdorf, 2011). Although effective, the analytical
methodologies employed are time demanding, expensive and
laborious, and usually not appropriate for routine analysis.
The need for fast analytical methods in the ﬁeld of food adul-
teration has prompted extensive research on spectroscopic
methods, such as Fourier Transform Infrared Spectroscopy (FTIR),
with reﬂectance-based methods being more commonly employed
as routine methodologies for food analysis, given they present little
or no requirements for sample pre-treatment (Rodriguez-Saona &
Allendorf, 2011). Reﬂectance methods can be divided into Attenu-
ated Total Reﬂectance Fourier Transform Infrared Spectroscopy
(ATR-FTIR) and Diffuse Reﬂectance Fourier Transform Infrared
Spectroscopy (DRIFTS). Even though both techniques have been
recently employed for coffee analysis, most of the ATR-based
studies used liquid samples (Gallignani, Torres, Ayala, & Brunetto,
2008; Garrigues, Bouhsain, Garrigues, & De La Guardia, 2000;
Lyman, Benck, Dell, Merle, & Murray-Wijelath, 2003; Wang, Fu, &
Lim, 2011; Wang & Lim, 2012), and thus would require an extra
extraction step in the analysis of roasted and ground coffee. How-
ever, ATR-FTIR can also be employed for analysis of solid samples
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analysis of low and high quality coffees before roasting showed
that, although both techniques were capable of discriminating
between immature and mature coffees (Craig, Franca, & Oliveira,
2011), only DRIFTS could provide complete discrimination be-
tween non-defective (high quality) and defective (low quality)
coffees (Craig, Franca, & Oliveira, 2012b).
The previously mentioned studies showed that DRIFTS pre-
sented a more effective performance than ATR-FTIR in the
discrimination between crude coffees of different qualities.
Furthermore, DRIFTS was also shown to be appropriate for the
analysis of roasted coffees, providing satisfactory discrimination
between Arabica and Robusta varieties (Kemsley, Ruault, & Wilson,
1995; Suchánek, Filipová, Volka, Delgadillo, & Davies, 1996), be-
tween regular and decaffeinated coffees (Ribeiro, Salva, & Ferreira,
2010) and between non-defective and defective coffees (Craig et al.,
2012a). However, to the best of our knowledge, no attempts were
reported in the literature on the use of this methodology for the
analysis of adulteration of ground and roasted coffee samples,
except for our preliminary study on the discrimination between
roasted coffee, corn and coffee husks (Reis et al., 2013), inwhich the
classiﬁcation models developed were able to provide 100%
discrimination between pure coffee, corn and coffee husks. The
developed models were also able to discriminate between pure
coffee andmixtures of coffee, corn and coffee husks, at adulteration
levels of 10 g/100 g and above. Therefore, in the present study, we
further evaluated this methodology by adding two more adulter-
ants, i.e., spent coffee grounds and roasted barley, and decreasing
the adulteration levels to 1 g/100 g, in order to conﬁrm the po-
tential of this technique for detection of multiple adulterants in
roasted and ground coffee.2. Materials and methods
2.1. Samples
Green Arabica coffee, barley and corn samples were acquired
from local markets. Coffee husks were provided by Minas Gerais
State Coffee Industry Union (Sindicafé-MG, Brazil). Spent coffee
grounds were provided by a local soluble coffee industry (Café
Brasília) and kept frozen (T < 12 C) until further use.Table 1
Color measurements, roasting parameters and conditions.
Roasting temperature Luminosity values (Roasting time)
Light roast
Coffee
200 C 24.28  0.02 (40 min)
220 C 23.18  0.12 (20 min)
240 C 25.17  0.04 (11 min)
Coffee husks
200 C 22.22  0.05 (20 min)
220 C 23.00  0.06 (10 min)
240 C 25.16  0.04 (6 min)
Corn
240 C 24.45  0.21 (30 min)
250 C 24.63  0.26 (15 min)
260 C 22.25  0.06 (11 min)
Barley
250 C 22.91  0.05 (28 min)
265 C 23.19  0.02 (16 min)
270 C 25.07  0.07 (14 min)
e Spent coffee grounds
e 19.15  0.4 (Lot 1)
e Reference (commercial coffee)
e 23.5 < L* < 25.0Defrosted spent coffee grounds (three lots of 2 kg each) were
washed with distilled water to remove impurities. Two 200 g
samples were randomly selected from each lot and submitted to
drying in a convection oven (Model 4201D Nova Ética, SP, Brazil) at
100 C, for 5 h, to reduce their moisture content to that of ground
roasted coffee (w5 g/100 g), providing a total of 30 samples (5
replicates). Coffee beans (50 g), coffee husks (30 g), barley (50 g)
and corn samples (30 g) were submitted to roasting in the con-
vection oven, at 200, 220, 240, 250 and 260 C. After roasting,
samples were ground (0.15 < D < 0.5 mm) and submitted to color
evaluation. Color measurements were performed using a tristim-
ulus colorimeter (HunterLab Colorﬂex 45/0 Spectrophotometer,
Hunter Laboratories, VA, USA) with standard illumination D65 and
colorimetric normal observer angle of 10. Measurements were
based on the CIE L*a*b* three dimensional cartesian (xyz) color
space represented by: Luminosity (L*), ranging from 0 (black) to 100
(white) e z axis; parameter a*, representing the greenered color
component e x axis; and parameter b*, representing the bluee
yellow component e y axis. Previous studies have shown that
roasting degree is dependent on the type of sample and on roasting
temperature (Franca, Oliveira, Oliveira, Mancha Agresti, & Augusti,
2009; Oliveira et al., 2009; Reis et al., 2013). Therefore, roasting
conditions were established for each speciﬁc type of sample.
Roasting degrees were deﬁned according to luminosity (L*) mea-
surements similar to commercially available coffee samples, cor-
responding to light (23.5 < L* < 25.0), medium (21.0 < L* < 23.5)
and dark (19.0 < L* < 21.0) roasts. Notice that only L* (luminosity)
values were employed for establishment of roasting degrees,
because previous studies have shown that this parameter is the
most relevant in terms of color differences for roasted coffee
(Mendonça, Franca, & Oliveira, 2009). Average data of color mea-
surements for coffee and each adulterant and the corresponding
roasting times and temperatures are displayed in Table 1. As shown
in Table 1, each sample was submitted to three different roasting
temperatures and three different roasting degrees for each tem-
perature, resulting in nine roasting conditions. Roastings were
performed in ﬁve replicates, so 45 samples were obtained for each
lot and a total of 180 samples representing pure coffee and each
roasted contaminant. Pure coffee and adulterants were intention-
ally mixed, at adulteration levels ranging from 1 to 66 g/100 g (see
Table 2), providing a total of 20 samples at different adulteration
levels (ﬁve replicates each).Medium roast Dark roast
21.48  0.08 (70 min) 19.62  0.37 (90 min)
21.51  0.01 (22 min) 19.96  0.13 (25 min)
22.01  0.33 (13 min) 19.89  0.08 (15 min)
21.66  0.15 (30 min) 20.16  0.12 (50 min)
20.41  0.30 (13 min) 19.88  0.13 (15 min)
21.34  0.17 (7 min) 20.47  0.06 (9 min)
22.01  0.33 (35 min) 19.89  0.08 (40 min)
22.17  0.08 (17 min) 19.33  0.07 (19 min)
21.10  0.16 (12 min) 19.26  0.10 (13 min)
22.01  0.09 (30 min) 20.54  0.04 (32 min)
21.03  0.04 (17 min) 19.22  0.04 (17.5 min)
23.88  0.04 (14.5 min) 20.37  0.33 (15 min)
19.77  0.19 (Lot 2) 20.11  0.34 (Lot 3)
21.0 < L* < 23.5 19.0 < L* < 21.0
Table 2
Mass composition of adulterated coffee samples.
Sample Adulteration
level
Mass fraction (%)
Coffee Spent coffee
grounds
Coffee
husks
Barley Corn
1 66 33.3 33.3 33.3
2 50 50 50
3 50 50 50
4 40 60 10 10 10 10
5 40 60 20 20
6 40 60 20 20
7 20 80 5 5 5 5
8 20 80 10 10
9 20 80 10 10
10 10 90 5 5
11 10 90 5 5
12 10 90 3.33 3.33 3.33
13 10 90 10
14 10 90 10
15 10 90 10
16 10 90 10
17 1 99 1
18 1 99 1
19 1 99 1
20 1 99 1
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A Shimadzu IRAfﬁnity-1 FTIR Spectrophotometer (Shimadzu,
Japan) with a DLATGS (Deuterated Triglycine Sulfate Doped with L-
Alanine) detector was used in the measurements that were per-
formed in dry controlled atmosphere at 20  0.5 C. Diffuse
reﬂectance (DR) measurements were performed with a Shimadzu
sampling accessory (DRS8000A). Each sample was mixed with KBr
and 23 mg of this mixture were placed inside the sample port. Pure
KBr was employed as reference material (background spectrum).
All spectrawere recorded within the range of 4000e400 cm1 with
4 cm1 resolution and 20 scans, and submitted to background
spectrum subtraction. Theywere also truncated to 2500 data points
in the range of 3200e700 cm1, in order to eliminate noise readings
present in the upper and lower ends of the spectra. Preliminary
tests were performed to evaluate the effect of particle size
(0.25 < D < 0.35 mm; 0.15 < D < 0.25 mm; and D < 0.15 mm) and
sample/KBr mass ratio (1, 5, 10, 20 and 50 g/100 g) on the quality of
the obtained spectra. The conditions that provided the best quality
spectra (higher intensity and lower noise interference) were
D < 0.15 mm and 10 g/100 g sample/KBr mass ratio.0
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Fig. 1. Average normalized diffuse reﬂectance spectra obtained for roasted coffee
, roasted coffee husks , roasted corn , roasted barley and
spent coffee grounds .2.3. Data analysis
Using the DR spectra as chemical descriptors, pattern recogni-
tion (PR)methods (PCA and LDA) were applied to establish whether
or not pure adulterants (roasted coffee husks, spent coffee grounds,
roasted barley and roasted corn) as well as adulterated coffee
samples could be discriminated from pure roasted coffee. To
minimize spectra variations, remove redundant information and
enhance sample-to-sample differences, the following data pre-
treatment techniques were evaluated: (1) no additional processing
(raw data), (2) baseline correction employing three (3200, 2000
and 700 cm1) points followed by absorbance normalization, and
(3) ﬁrst derivatives, followed by smoothing and mean centering.
Mean centering corresponds to subtraction of the average absor-
bance value of a given spectrum from each data point. Absorbance
normalization was calculated by dividing the difference between
the response at each data point and theminimum absorbance value
by the difference between themaximum andminimum absorbancevalues. Because spectra derivatives lead to decreased signal/noise
ratios, the employment of smoothing ﬁlters is necessary and
SavitzkyeGolay ﬁlter was employed. Even though there are other
possible spectra processing treatments available, the pretreatments
herein chosen were those that were more effective for discrimi-
nation between roasted coffee, corn and coffee husks in our pre-
vious study (Reis et al., 2013).
For PCA analysis, data matrices were constructed so each row
corresponded to a sample and each column represented the spectra
datum at a given wavenumber, after pretreatment. LDA models
were constructed with variables selected as absorbance or deriva-
tive values at wavenumbers that presented high PC1 loading values
in the PCA analysis. Model recognition and prediction abilities were
deﬁned as the percentage of members of the calibration and eval-
uation sets that were correctly classiﬁed, respectively. The statis-
tical packages XLSTAT Sensory 2010 (Addinsoft, New York) and
MATLAB (The MathWorks, Natick, Massachusetts) were employed
for the chemometric calculations.
3. Results and discussion
3.1. Spectra analysis
Average normalized spectra obtained for roasted coffee and the
adulterants spent coffee grounds, roasted coffee husks, roasted
corn and roasted barley are shown in Fig. 1. Sharp signiﬁcant ab-
sorption bands can be clearly seen at 2924e2925 and 2852 cm1,
together with absorptions at 1715e1745 and 760 cm1 in the
spectra corresponding to roasted coffee, corn and barley. Such
bands suggest the presence of compounds containing long linear
aliphatic chains and, with the presence of absorption bands above
3000 cm1, are indicative of the likelihood of some of them being
unsaturated. Hence, these bands can be partly assigned to unsat-
urated and saturated lipids present in coffee, corn and barley oils,
which are known not to undergo changes during roasting (Reis
et al., 2013). Similar bands have also been previously identiﬁed in
spectra of roasted (Craig et al., 2012a; Kemsley et al., 1995; Reis
et al., 2013; Wang & Lim, 2012) and crude coffee samples (Craig
et al., 2011, 2012b) and also in spectra of caffeinated beverages
such as coffee, tea and soft drinks (Paradkar & Irudayaraj, 2002). In
this last speciﬁc study, the second band (w2852 cm1) was
attributed to stretching of CeH bonds of methyl (eCH3) group in
the caffeine molecule and employed in predictive models for
quantitative analysis of caffeine. Notice that the second band is less
evident in the spectra for barley and corn in comparison to the
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Fig. 2. PCA scores scatter plot (PC1 vs. PC2) based on diffuse reﬂectance spectra
(3100e700 cm1) of roasted coffee in comparison to adulterants after the following
pretreatment steps: (a) no treatment (raw data), (b) normalization and baseline
correction, and (c) ﬁrst derivatives, smoothing and mean centering ( coffee; coffee
husks; spent coffee grounds; barley; corn).
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husks are known to have caffeine (w1 g/100 g dry basis) content
similar to those of coffee beans (Fan, Soccol, Pandey, Vandenberghe,
& Soccol, 2006). In FTIR studies on corn and corn ﬂour, two bands
have also been identiﬁed at 2927e2925 and 2855 cm1 and
respectively attributed to asymmetric and symmetric CeH
stretching in lipids (Cremer & Kaletunç, 2003; Greene, Gordon,
Jackson, & Bennett, 1992). Given the lipids content is not ex-
pected to vary during roasting of corn (or barley), the peaks
assignment to CeH stretching in lipids might still be valid. The
reported amounts of lipids (Gouvea, Torres, Franca, Oliveira, &
Oliveira, 2009; Moreau, 2002; Oliveira, Franca, Mendonça, &
Barros-Junior, 2006; Osman, Abd El Gelil, El-Noamany, & Dawood,
2000) of coffee husks (1.5e3 g/100 g) and of barley (1.9e2.87 g/
100 g) are lower than those of coffee beans (12e16 g/100 g) and of
corn kernels (3e5 g/100 g). Therefore, such bands may be affected
by both caffeine and lipids levels in the case of coffee, and are most
likely primarily associated to caffeine in the case of coffee husks
and only to lipids in the cases of roasted corn, roasted barley and
spent coffee. Recall that the majority of the caffeine present in
coffee is extracted during soluble coffee production whereas the
lipid fraction is partially extracted, hence, leading to spent coffee
grounds virtually devoid of caffeine but still containing some lipids.
Absorbance peaks in thewavenumber range of 2250e1850 cm1
are expected to appear in all matrices studied here since all of them
present complexchemical compositions and these bands areusually
associated with harmonic bands and deformation combination
bands of aromatic compounds. However, since these bands are
signiﬁcantly more intense in the spectra for roasted corn and barley
than they are in the spectra for roasted coffee and husks and for
spent coffee, they will probably contribute to the discrimination
between coffee and its respective adulterants. Thus, more attention
should be given to this region of the spectra.With a prior knowledge
that starch is present in both corn and barley and is not present in
coffee and its by-products (husks and spent grounds) we have
studied FTIR spectra for commercial corn starch (not shown) and
noticed that these bands are clearly observed in those spectra and
are more intense than those present in spectra for coffee, coffee
husks and spent coffee grounds. The presence of these bands in the
spectra for commercial corn starch may be attributed to the ab-
sorption combination bands of bound phenolics (Lopez-Martinez
et al., 2009; Omwamba & Hu, 2010), such as ferulic and coumaric
acids and their derivatives, or to absorption in the CeO stretching
region due to the interaction of starch and the residual gluten in the
presence of water. Also, in this same wavenumber range, the water
association band (2400e2000 cm1), attributed to a combination of
the bendingmode ofwatermoleculeswith intermolecular vibration
modes due to hydrogen bonding between water molecules and
between water and other molecules, may be responsible for part of
the absorption. In the spectra we obtained for hydrated corn starch
(not shown), the absorption in this region was signiﬁcantly more
intense than itwas in the spectra for commercial corn starch. Hence,
in our study, the absorption in the range of 2250e1850 cm1may be
partially associatedwith a largepresence of phenolics bound tonon-
degraded starch in roasted corn and roasted barley and partially
with the hydration water effect on the non-degraded starch in
roasted corn and roasted barley. Low hydration of starch granules
stabilizes the starch structure and allows some of the starch gran-
ules present in corn and in barley to stay intact during roasting and
thus be found in the roasted product, as detected by Amboni,
Francisco, and Teixeira (1999) by scanning electronic microscopy.
Sharp bands at 1745e1742 cm1 are evident in coffee, corn and
spent coffee grounds spectra. Such bands have been previously
identiﬁed in FTIR spectra of roasted coffee (Kemsley et al., 1995;
Lyman et al., 2003; Reis et al., 2013) and attributed to carbonyl (C]O) vibration in esters (triglycerides) and aldehydes. Such literature
reports and the fact that these bands are rather weak in the spectra
obtained for roasted coffee husks and barley (low lipid content)
corroborate our previous assessment (Reis et al., 2013) regarding its
association to lipid concentration. Both spectra for coffee husks and
barley present a band at 1715e1710 cm1 which is characteristic of
carbonyl vibration in free fatty acids. Given that the husks were
about a year old and that the time the barley was in store was
unknown to us, it is reasonable to assume that the time both
adulterants were stored in their natural state could be long enough
to promote degradation of their lipid content, thus increasing the
amount of free fatty acids in the respective oils.
Several bands can be viewed in all the spectra in the range of
1700e700 cm1. Many substances that naturally occur in coffee are
reported to present absorbance bands in this range, the ‘double
Table 3
Selected wavenumbers and corresponding coefﬁcients of the ﬁrst three linear discriminant functions obtained for discrimination between roasted coffee and multiple
adulterants.
Model: Raw spectra Wavenumber Normalized spectra Wavenumber First derivatives
Coefﬁcients (Ci) Coefﬁcients (Ci) Coefﬁcients (Ci)
i Wavenumber DF1 DF2 DF3 DF1 DF2 DF3 DF1 DF2 DF3
0 e 1.06 2.60 4.90 e 0.50 28.73 7.25 e 0.28 0.23 0.08
1 777 12 103 84 742 6 12 28 822 93 764 1550
2 860 30 293 406 791 12 41 0.8 862 1338 226 692
3 868 25 101 39 808 37 2 37 922 1056 822 1906
4 881 17 72 93 862 85 73 1 959 2732 625 2571
5 891 72 115 186 887 19 32 94 1152 772 1487 1214
6 933 85 59 279 945 46 52 54 1362 1229 2004 422
7 968 106 55 113 1481 0.8 18 22 1383 479 1129 215
8 1506 42 5 57 1616 2 1 27 1545 268 440 232
9 1616 24 15 18 1749 3 44 16 1778 2088 600 792
10 1645 21 27 9 1894 2 8 62 1888 5638 2949 58
11 1749 11 22 37 2017 61 2 91 2095 7250 3724 11,755
12 1984 25 112 184 2231 35 154 78 2479 3743 8283 7403
13 2118 119 36 121 2420 13 145 427 2814 3563 5812 944
14 2467 96 45 31 2484 32 87 362 2893 1221 569 3665
15 2856 123 78 46 2613 39 29 56
16 2928 57 70 22 2775 76 26 132
17 3038 42 9 5 2860 20 56 3
18 2935 14 23 0.8
19 3016 57 99 112
20 3094 24 62 98
21 3200 66 50 77
Function values at group centroids
Model Raw spectra Normalized spectra First derivatives
DF1 DF2 DF3 DF1 DF2 DF3 DF1 DF2 DF3
Pure coffee 1.2 3.7 2.4 2.4 5.2 7.4 1.4 3.2 5.7
Adulterated coffee 0.3 1.5 4.5 3.2 2.9 2.7 1.8 3.4 3.2
Coffee husks 13.3 1.7 4.8 4.7 14.5 1.2 8.3 2.8 1.5
Spent coffee grounds 12.0 7.9 7.3 12.1 5.5 11.4 14.8 3.9 2.0
Barley 1.7 7.2 1.8 11.2 3.9 4.4 2.0 5.0 0.2
Corn 3.8 5.8 1.3 12.3 4.9 0.9 3.1 7.6 0.7
Adulterated coffee 0.3 1.5 4.5 3.2 2.9 2.7 1.8 3.4 3.2
N. Reis et al. / LWT - Food Science and Technology 53 (2013) 395e401 399bond region’ (Reis et al., 2013). Ribeiro et al. (2010) performed
DRIFTS analysis of roasted coffees and observed lower absorbance
of decaffeinated samples in the range of 1700e1600 cm1. This is
also observed when the spectra of coffee and of spent coffee
grounds are compared. Another substance that can be associated to
peaks in this range is trigonelline, a pyridine that has been reported
to present several bands in the range of 1650e1400 cm1, and is
present in both crude and roasted coffee (Szafran, Koput, Dega-
Szafran, & Pankowski, 2002). Some of the bands in this range
may be attributed to axial deformation of C]C and C]N bonds in
the aromatic ring of trigonelline (Silverstein, Webster, & Kiemle,
2005). Rather sharp bands can be observed at 1585e1575 cm1
for the spectra of coffee and coffee husks and they may be attrib-
uted to the presence of non-degraded trigonelline and nicotinic
acid (one of trigonelline major degradation products upon roast-
ing). The spectrum for spent coffee does not present a pronounced
band in this region and this can be attributed to the fact that, during
production of soluble coffee, trigonelline and nicotinic acid are
exhaustively extracted. No reports were found on these compounds
being present in corn and barley, thus, corroborating the assign-
ment of the peaks at 1585e1575 cm1 to trigonelline and its
degradation products.
The wavenumber range of 1400e900 cm1 is characterized by
vibrations of several types of bonds such as CeH, CeO and CeN
(Silverstein et al., 2005). Chlorogenic acids present strong absorp-
tion in the region of 1450e1000 cm1. Carbohydrates also exhibit
several absorption bands in the 1500e700 cm1 region (Briandet,Kemsley, & Wilson, 1996; Kemsley et al., 1995), so it is expected
that this class of compounds will contribute to many of the
observed bands. Particularly, the skeletal mode vibrations of the
glycosidic linkages in starch are usually observed in the 950e
700 cm1 wavenumber range (Kizil, Irudayaraj, & Seetharaman,
2002). Recall that coffee and its by-products (husks and spent
grounds) do not contain starch. Notice that the sharp bands in the
region of 950e700 cm1 are coincident for the spectra of corn and
barley and are shifted in relation to the bands for the spectra of
coffee, spent coffee and coffee husks. These differences in this re-
gion can be attributed to the differences in the polysaccharide types
present in coffee and its adulterants, i.e., the presence of a-glyco-
sidic links in corn and barley (starch) and strictly b-glycosidic links
in coffee and by-products (e.g., arabinogalactans, galactomannans
and cellulose).
3.2. Statistical analysis
PCA analysis of the results obtained for coffee and adulterant
samples (210 samples) showed that the spectra pretreatment step
that provided the best level of discrimination between roasted
coffee and all adulterants simultaneously was ﬁrst derivatives fol-
lowed by smoothing and mean centering. The corresponding
scatter plots are displayed in Fig. 2. Sample grouping can be clearly
observed, with some overlapping between roasted corn and barley.
Based on our previous discussion on spectra for coffee and its
adulterants, it is clear that discrimination between coffee and
Fig. 3. Scores on the ﬁrst three discriminant functions provided by the LDA models of diffuse reﬂectance spectra (3200e700 cm1) after the following pretreatment steps: (a) no
treatment (raw data), (b) normalization and baseline correction, and (c) ﬁrst derivatives, smoothing and mean centering ( coffee; coffee husks; spent coffee grounds;
barley; corn; adulterated coffee e 1e66% adulteration).
N. Reis et al. / LWT - Food Science and Technology 53 (2013) 395e401400adulterants is strongly related to the absence of starch in coffee and
respective by-products and its presence in both corn and barley,
and to the differences in the caffeine content and oil content and
composition of the adulterants in relation to coffee and to each
other. Notice that roasted corn and barley overlap probably in as-
sociation to their starch content. Also, the more evident separation
of spent coffee grounds in comparison to coffee and coffee husks
(Fig. 2b and c) can be partially associated to their signiﬁcant dif-
ference in caffeine contents.
LDA models (95% conﬁdence) were constructed employing
different numbers of variables, starting with all the wavenumbers
and decreasing the number of variables. The calibration set con-
sisted of 217 samples total (33 samples of roasted coffee, 32 ofroasted coffee husks, 31 of roasted corn, 30 of roasted barley, 16 of
spent coffee grounds and 75 of adulterated coffee, with total
adulteration levels ranging from 66 to 1 g/100 g of one or more
adulterants, as detailed in Table 2). The validation set consisted of
93 samples (12 of roasted coffee, 13 of roasted coffee husks, 14 of
roasted corn, 15 of roasted barley, 15 of spent coffee grounds and
25 of adulterated coffee). It was observed that model recognition
ability varied signiﬁcantly with the number of variables and the
best performance in terms of group separation was attained with
variables selected in association to wavenumbers that presented
high PC1 and PC2 loading values. After several evaluations, the
best correlations were provided by models that can be repre-
sented by:
N. Reis et al. / LWT - Food Science and Technology 53 (2013) 395e401 401DFn ¼ C0 þ
XN
CiVi (1)
i¼1
where DFn represents the nth discriminant function, N is the num-
ber of variables in the model, and Vi is the model variable, i.e., the
absorbance value (before and after normalization), or the absor-
bance ﬁrst derivative at the selected wavenumber. Model co-
efﬁcients for the ﬁrst three discriminant functions are displayed in
Table 3 and corresponding score plots are shown in Fig. 3. A clear
separation of all groups (pure and adulterated coffee, coffee husks,
spent coffee grounds, corn and barley) can be observed, although
there is some overlapping between corn and barley (Fig. 3a and c).
However, since themain goal is todiscriminatepure andadulterated
coffee, an evaluation of the calculated values of each discriminant
function at the group centroids (Table 3) shows that, depending on
the model, the ﬁrst three discriminant functions are enough to
provide sample classiﬁcation. For example, in the model based on
ﬁrst derivatives, pure coffee presented positive values for DF2 and
negative values for DF1 and DF3, whereas adulterated samples
presented positive values for DF2 and DF3 and negative values for
DF1. All models presented 100% recognition and prediction abilities
when employing 5 discriminant functions. Such results conﬁrm that
DRIFTS provides satisfactory discrimination between roasted coffee
and adulterants, being able to differentiate betweenpure coffee and
coffee adulterated by one or several of the materials commonly
employed for it. This is particularly interesting in terms of estab-
lishing a fast and reliable methodology for detection of adulteration
in ground roasted coffee. As in our previous study (Reis et al., 2013),
we emphasize that the analysis has been carried out using a
representative range of roasting conditions, and that variations in
roasting degree and temperature did not affect discrimination.
4. Conclusion
The feasibility of employing DRIFTS as a methodology for simul-
taneous discrimination between roasted coffee and multiple adul-
terants (coffee husks, spent coffee grounds, barley and corn) was
conﬁrmed. LDA classiﬁcation models presented recognition and pre-
diction abilities of 100%, being able to detect adulteration levels as low
as 1 g/100 g. The results herein obtained conﬁrm that DRIFTS can be
employed for detection of adulteration in roasted and ground coffee.
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